Abstract. A rabbit antiserum, specific for the histone H3.3 replacement variant, was raised with the aid of a histone H3.3-specific peptide. Immuno blot experiments demonstrated the specificity of this polyclonal antiserum. In addition, we showed on immuno blots that two monoclonal antibodies isolated from mice with systemic lupus erythematosus (SLE) display strong reactivity with the H3.3 histone, but not with its replication-dependent counterparts. Our observations indicate that histone H3.3 might play a role as autoantigen in SLE. We used the histone H3.3-specific antiserum to characterize the germ line chromatin in cytological preparations of Drosophila testes, because our previous studies had shown that a histone H3.3-encoding gene is strongly expressed in the germ line of Drosophila males. The antiserum reacted with some of the lampbrush loops in spermatocytes and with chromatin of the postmeiotic germ cells of males. Our data indicate that histone H3.3 is not evenly distributed throughout the chromatin of germ cells, but is concentrated in distinct regions. Histone H3.3 disappears from the spermatid nuclei, along with the other core histones, during the late stages of spermatogenesis. In Drosophila polytene chromosomes, however, a rather uniform distribution of the histone H3.3 was observed. The possible role of histone H3.3 is discussed.
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Introduction
Nucleosomes are the basic structural units of eukaryotic chromatin and their protein components, the histones, are therefore the fundamental protein constituents of chromosomes. In higher eukaryotes, the histone genes can be divided into three categories: replication-dependent, replacement variant and tissue-specific variant genes. This nomenclature is, however, not used consistently and may not necessarily be informative as the different categories overlap in some cases. Most of the histone replacement variant genes differ from their replication-dependent counterparts not only in their mode of regulation, copy number, gene structure and the type of mRNA they synthesize, but also in the amino acid sequence of the encoded proteins. This also holds true for the replacement variant of animal histone H3, histone H3.3, which differs by several amino acid substitutions from the replication-dependent histones H3 (see Fig. 1 ). These differences are highly conserved throughout the animal kingdom (Brush et al. 1985; Wells and Kedes 1985; Swenson et al. 1987; Wellman et al. 1987; Fretzin et al. 1991; Fucci et al. 1994; Waterborg and Robertson 1996) . The high degree of evolutionary conservation of the histones of the H3.3 type implies that their modified protein structures are functionally important.
Essentially no clues as to the function of the replacement variants of histone H3 exist at present and even the chromosomal distribution of these variants is unknown. In a number of studies synthesis of the H3.3 protein has been analyzed in relation to the phases of the cell cycle. Wu et al. (1982) have shown that histone H3.3 is the only histone H3 variant synthesized during the G 1 , G 2 and G 0 stages in Chinese hamster ovarian cells. Newly synthesized histone H3.3 was found to be preferentially enriched in transcriptionally active or transcription-competent chromatin of nonreplicating cells (Hendzel and Davie 1990) . In differentiated cells histone H3.3 accumulates over time and gradually becomes the dominant histone H3 subtype of chromatin (Zweidler 1984) .
Various proteins can be localized within a cell with the aid of antibodies that are specific to particular epitopes. This, for example, has allowed the localization of the variants of histone H2A (Stargell et al. 1993 ) and histone H1 (Mohr et al. 1989) as well as of differentially acetylated isoforms of histone H4 (Turner et al. 1992 ; for review see Turner 1993) . There are only four amino acid substitutions in histone H3.3 and three of these are clustered within a rather hydrophobic part of the H3 protein (amino acid positions 87±90). Thus, it was uncertain whether it would become possible to resolve immunologically histone H3.3 from its replication-dependent counterparts.
In order to investigate this possibility we synthesized an oligopeptide spanning the amino acid sequence of the H3.3-specific region of histone H3.3 and raised antibodies against this peptide. The antiserum obtained recognized specifically the H3.3 variant protein. In addition, we found that certain mouse autoantibodies can also distinguish between the replication-dependent histone H3 and histone H3.3.
It has been previously shown, that one of the two Drosophila histone H3.3-encoding genes, i.e., H3.3A, is strongly expressed in testes (Akhmanova et al. 1995) . Detailed information is available on the organization and rearrangements of chromatin in the developing germ line cells of Drosophila hydei males (Kremer et al. 1986 ). We have used germ line cells and polytene chromosomes of Drosophila males as a reference system, to study the localization of histone H3.3. We have found a nonuniform distribution of histone H3.3 in the chromatin of the germ cells of males. The implications of our findings are discussed in the context of chromatin structure and function in germ cells of males. In contrast, polytene chromosomes from salivary glands reacted with the H3.3-specific antiserum in a rather uniform way, providing no evidence for an unequal distribution or specific functions of the H3.3 histone variant in this tissue.
Materials and methods
Preparation of antisera, affinity purification and antibody reactions. The H3.1/2 peptide (H3.1/2p) with the sequence RFQSSAV-MAC and the H3.3 peptide (H3.3p) with the sequence RFQSAAI-GAC (see Fig. 1 ) were synthesized in the laboratory of Dr. J. Zimmermann, Jena. The C-terminal cysteine residue is not part of the histone H3 sequence but was introduced to allow coupling to the carrier protein [maleimide-activated keyhole limpet hemocyanin (KLH) (Boehringer Mannheim)]. The coupling reaction was carried out according to the instructions of the supplier. Immunization of rabbits was performed with 500 mg of the KLH-coupled peptide in Freunds complete adjuvant (Harlow and Lane 1988) . Rabbits received three injections at intervals of 4 weeks.
The polyclonal antibodies were affinity purified over the H3.3 peptide coupled to a Sulfolink column (Pierce). After washing with PBS (phosphate-buffered saline, containing 137 mM NaCl, 27 mM KCl, 1.5 mM KH 2 PO 4 and 6.5 mM Na 2 HPO 4 , pH 7.4) and 0.5 M NaCl, 10 mM TRIS-HCl, pH 7.5, histone H3.3-specific antibodies were eluted with 0.1 M glycine, pH 2.6 (Harlow and Lane 1988). Eluted antibodies were immediately neutralized with 1 M TRISHCl, pH 9.5. Bovine serum albumin (BSA) was added to a final concentration of 1% and the antibodies were either used directly on blots or concentrated with a Centricon 30 device (Amicon) prior to immunocytology.
The polyclonal anti-H3 serum (Termaat et al. 1992 ) was diluted 1:500 (PBS: 1% BSA) for immuno blotting and 1:50 for immunocytology. The polyclonal antibodies against histone H2A (serum 1, Muller et al. 1986 ), histone H2B, histone H3 and histone H4 (anti-H2B serum 1, anti-H3 serum 1 and anti-H4 serum 2, induced in the presence of RNA, Muller et al. 1991) were diluted 1:100 (PBS: 1% BSA) for immuno blots and 1:10 for immunocytology. The monoclonal antibodies (MAbs) 42, 56 (Smeenk et al. 1988; Stemmer et al. 1996) and KM2 van Bruggen et al. 1997) were used as undiluted cell culture supernatants. Incubations were performed for 1 h at room temperature or overnight at 4C. Secondary goat anti-rabbit or goat anti-mouse antibodies (Jackson Laboratories) were diluted at 1:2,500 and the blots were incubated for 30±60 min. The affinity purified anti-H3.3p antibodies were tested on dot blots. For this purpose, spots with 1 mg of H3.3 peptide, H3.1/2 peptide, control peptide or histone H3 from calf thymus (Boehringer Mannheim) were applied to a PVDF membrane (Millipore) . A peptide with the sequence AELDEVLYEDQV-ALGC, derived from the chromosomal protein Radha (Harhangi et al., in preparation) was used as a control. Dot blots were treated and incubated as described below for immuno blots.
Histone extraction, electrophoresis and immuno blotting. Histones from Drosophila salivary glands were extracted as described by Turner et al. (1992) . Calf thymus histones (Boehringer Mannheim) or Drosophila histones were separated on 12% polyacrylamide gels (0.4 mm thick) with 5% acetic acid, 6 M urea, 0.4% Triton X-100 (AUT gels) (Lennox and Cohen 1989) . Special care was taken to prevent oxidation of methionine-containing proteins during electrophoresis by including a cysteamine scavenge step (Lennox and Cohen 1989) . After electrophoresis, gels were placed directly for 2 h in 0.025 M TRIS, 0.192 M glycine, 1% SDS to equilibrate before immuno blotting (Whitfield et al. 1986 ). Subsequently, gels were transferred to a semidry blot apparatus (Phase). Proteins were blotted to PVDF membrane for 45 min at 300 mA. After blotting, the membrane was blocked in 3% BSA, 2% milk powder, PBS for 1 h at 37C, air dried and stored at 4C or washed in PBS prior to antisera incubations.
Indirect immunofluorescence cytology: testis squashes. Testis squashes were prepared as described earlier (Kremer et al. 1986 ) and fixed in ethanol for 30 s. After additional fixation for 10 min in 4% paraformaldehyde, PBS, slides were washed once for 5 min in PBS. Slides were then incubated for 15 min in 1% Triton X-100 in PBS and washed twice in PBS. If a DNase treatment step was included, slides were washed twice in nick-translation buffer (50 mM TRIS-HCl, pH 7.5, 10 mM MgSO 4 , 50 mg/ml BSA) and were incubated with 4% DNase I in nick-translation buffer for 1 h at room temperature. Subsequently, the squashes were washed three times for 10 min in PBT (PBS containing 2 mg/ml of BSA and 0.1% Triton X-100). The incubation with the first antibody was performed overnight at 4C and after washing three times for 10 min in PBT the squashes were incubated for 1 h with the secondary antibody (fluorescein isothiocyanate-conjugated goat anti-rabbit Fab fragments, diluted 1:50 in PBT). The slides were washed again three times in PBT for 10 min and once in PBS and mounted in p-phenylenediamine, glycerol mountant. The slides were examined with a Zeiss Photomicroscope III with epifluorescence equipment. Photographs were taken on Kodak Ektachrome 400 film and scanned with a Nikon Coolscan for electronic processing.
For chemical degradation of the DNA trichloracetic acid (TCA) treatment was used. Testis squashes were prepared and fixed with ethanol as described above. The slides were subsequently incubated in 4% paraformaldehyde, PBS at 4C for 16±20 h, washed several times in water and incubated in 5% TCA at 60C for 3 h (Hauschteck-Jungen and Hartl 1982) . After washing in 70% ethanol and in PBS, slides were incubated for 1 h in PBT. The squashes were washed in PBS and PBT and incubated with the first and second antibodies as described above.
Polytene chromosomes. Polytene chromosomes were prepared essentially as described earlier (Hennig et al. 1972 ) and treated as described for testis squashes (see above).
Results
Isolation of a polyclonal antiserum specifically recognizing the histone H3.3 protein Histone H3 variant proteins of different organisms are highly conserved and vary only by a few amino acids.
For example, the vertebrate histone H3.1 and H3.2 proteins differ from each other by one amino acid (position 96, C to S) (Fig. 1) .
The sequence of the Drosophila cell cycle-regulated histone H3 corresponds to that of vertebrate histone H3.2. Histone H3.3 is almost identical in its amino acid sequence in all vertebrates and invertebrates studied so far (an exception is the H3.3 histone from sea urchin, which contains a D to E substitution at position 81; Fucci et al. 1994) . It differs from the histone H3.2 subtype only in four amino acid substitutions (positions 31, 87, 89, and 90, Fig. 1 ). Since three of these amino acid substitutions are clustered, they may be useful in distinguishing immunologically histone H3.1/2 from the histone H3.3 proteins. We therefore synthesized two peptides that included amino acid positions 83 to 91, one specific for histone H3 subtype H3.1/2 and one specific for H3.3. These peptides were used to raise polyclonal antibodies.
Two different antisera induced against the H3.1/2 peptide displayed very low reactivity with the histone H3 protein and were not analyzed further. In contrast, the antibodies against the H3.3 peptide were more reactive, especially after affinity purification over the H3.3 peptide. Affinity purified anti-H3.3p antibodies react with the histone H3 protein as well as with both peptides (Fig. 2) . The latter is expected since only three out of nine amino acids in the two peptides are different. Nevertheless, the reaction of the anti-H3.3p antibodies with the H3.1/2 peptide on the dot blot can be completely inhibited by preincubation with this peptide as competitor. Such preincubation hardly reduces the reaction of the antibodies with the H3.3 peptide or with the histone H3 protein. However, if the H3.3 peptide is used as competitor the reaction is completely abolished. This shows that the anti-H3.3p antibodies specifically recognize the H3.3 peptide, when preincubated with the H3.1/2 peptide as competitor.
As a control, we tested the reactivity of the anti-H3.3p antibodies with several peptides derived from the sequence of the chromosomal protein Radha (Harhangi et al., in preparation). An example of such a control incubation is shown in Fig. 2 . None of the peptides reacted with the serum. Also, preincubation of the anti-H3.3p antibodies with the control peptide did not influence its reactivity with the H3.1/2 and H3.3 peptides or histone H3 (not shown). Preimmune serum has also been tested and was found to be unreactive either on dot blots or immuno blots and in immunocytology experiments (see below).
The characterization of the anti-H3.3p antibodies was extended by immuno blot analysis of calf thymus histones. We used AUT gels with 6 M urea and 0.4% Triton X-100, which are optimal for separation of histone H3 variants (Zweidler 1978) . A histone mixture from calf thymus is well suited for such an analysis because the relative electrophoretic mobilities of all calf thymus histone variants under these separation conditions are well defined (Zweidler 1984; Boulikas 1985) and can be used as a reference. The affinity purified anti-H3.3p antibodies specifically reacted with a single protein fraction that corresponds in electrophoretic mobility to that of the histone (Matsuo and Yamazaki 1989) contained an isoleucine (I) at position 117. We resequenced this region in several cDNA clones and found that it encoded valine (V) at position 117 in all clones, similar to the H3.1/2 and H3.3 sequences. Identical residues are indicated with dashes. The a-helical regions of the C-terminal domain are indicated with lines above and below the sequence (Arents et al. 1991; Wolffe and Pruss 1996) . The sequences of the synthetic peptides used in this study are shown above and below the alignment. A C-terminal cysteine, present in both peptides, is absent in the histone sequence. It was included to facilitate the coupling to the carrier (Fig. 3a) . This reaction could be completely inhibited by preincubation of the antibodies with the H3.3 peptide, but not with the H3.1/2 peptide (Fig. 3a) .
For comparison, we used an antiserum raised against the complete histone H3 fraction from calf thymus (Termaat et al. 1992 ). This anti-H3 serum shows strong reactions with histone H3.1, which is the most abundant H3 subtype in a calf thymus histone mixture (Fig. 3a , lane aH3). The protein fraction in the upper part of the gel (marked with an asterisk in Fig. 3 ) probably corresponds to a histone H3 dimer, based on its mobility and the fact that all sera with affinity to histone H3 react with it (see below).
The serum against the histone H3 fraction shows only a weak signal at the level of the histone H3.3 variant (Fig. 3a, b) . This reflects the low concentration of this histone in the calf thymus histone mixture. However, this signal was considerably increased when the serum was affinity purified over the H3.3 peptide (Fig. 3b, lane  aH3ap) . At the same time, the reaction with the H3.1 variant was reduced, although not completely abolished. In addition, the anti-H3 serum is not entirely specific for histone H3 but cross-reacts with histones H2B and H2A.Z (Fig. 3a) . These cross-reactions were completely suppressed if an antiserum affinity purified over the H3.3 peptide was used.
As a control, the positions of the other core histones within the gels were confirmed with the help of antisera raised against individual chicken histones H2A, H2B, H3 (marked with aH3*), and H4 (Muller et al. 1986 (Muller et al. , 1991 Briand et al. 1992; see Fig. 3b ). These antisera again cross-react with calf thymus histones, as expected, because of the high degree of conservation of core histones. All four antisera detect proteins of the expected mobility on AUT gels. The anti-H2B serum recognized not only histone H2B, but also histone H3.1 (and probably its dimer).
Taken together, our data prove that the affinity purified polyclonal anti-H3.3p antibodies raised by us recognize specifically histone H3.3. Fig. 3a±d . Immuno blots of histones, separated on AUT gels, incubated with different anti-histone antisera. a±d Blot strips from four different AUT gels. a±c Immuno blots of calf thymus histones; d ct calf thymus histones (10 mg protein per lane), Dsg histones extracted from Drosophila salivary glands (15 mg protein per lane). The following incubations were performed: aH3.3, anti-H3.3p antibodies; aH3.3 + h3.1/2p, anti-H3.3p antibodies preincubated with H3.1/2 peptide; aH3.3 + h3.3p, anti-H3.3p antibodies preincubated with H3.3 peptide; aH3, anti-H3 serum, raised against calf thymus histone H3 fraction; aH2A, anti-H2A serum raised against chicken histone H2A; aH2B, anti-H2B serum raised against chicken histone H2B; aH3*, anti-H3 serum raised against chicken histone H3; aH4, anti-H4 serum raised against chicken histone H4; aH3ap, anti-H3 serum raised against calf thymus histone H3, affinity purified over the H3.3 peptide; KM2 and #56, monoclonal antibodies from mice with systemic lupus erythematosus. The band indicated with an asterisk is probably an H3 dimer Mouse autoimmune antibodies with high affinity for histone H3.3
The presence of antibodies reacting with DNA, histones or whole nucleosomes is one of the characteristic features of various autoimmune diseases, among them systemic lupus erythematosus (SLE) (Monestier and Kotzin 1992; Kramers et al. 1993) . We became interested in such autoimmune antibodies because it was found that some MAbs, isolated from SLE mouse strains, displayed strong reaction with a peptide containing amino acids 83±100 (peptide 83±100) of histone H3 when tested in an ELISA. They do not react with any other oligopeptide from histone H3 or from the other core histones Stemmer et al. 1996) . Since peptide 83±100 includes the amino acid region containing substitutions in the histone H3.3 variant, the MAbs might specifically recognize this region. From the two MAbs analyzed, one (42) did not react with any histone protein on immuno blot (not shown), while the other one (56) reacted specifically with the H3.3 variant (Fig. 3c ). In addition, we found that another antinuclear MAb from SLE mice, KM2, reacted strongly with histone H3.3 but not with the H3.1 variant (Fig. 3c ). This antibody also recognized histones H2A and H4 (van Bruggen et al. 1997) .
Immunocytology with the anti-H3.3p antibodies
Polytene chromosomes
In studies of the distribution of chromosomal proteins in Drosophila, salivary gland polytene chromosomes have often been used as particularly suitable substrates because they allow the recognition of chromosomal domains with a high degree of resolution. First, we tested the ability of the anti-H3.3p antibodies to distinguish histone H3.3 from other proteins in Drosophila salivary glands. Acid extracts of salivary glands, which include histones, were prepared according to Turner et al. (1992) and analyzed by immuno blotting from AUT gels (Fig. 3d) . When the immuno blot was incubated with the anti-H3.3p antibodies, a single protein fraction, corresponding in mobility to the calf thymus histone H3.3 was observed. This indicates that the anti-H3.3p antibodies are specific enough to be used for immunolocalization of histone H3.3 in Drosophila tissue.
When we used standard fixation protocols of polytene chromosomes, the anti-H3.3p antibodies were completely unreactive (not shown). Inspection of the molecular structure of the octameric histone core of the nucleosome (Arents et al. 1991) reveals that the relevant amino acid region, 87±90, where histone H3.3 differs from histones H3.1/2, is localized at the N-terminal end of the long ahelix (helix 3) of the C-terminal domain of histone H3 (Arents et al. 1991 ; see also Fig. 1) . Moreover, residues 86, 87, 89 and 90 are all exposed on the surface of the histone octamer (see Fig. 4 ). According to the nucleosome model of Arents and Moudrianakis (1993) , these residues are under the path of the DNA double helix as it wraps around the histone octamer (Fig. 4) , and thus are sequestered from the solvent. This explains why the histone H3.3-specific epitope is expected to be normally inaccessible to antibodies. To circumvent this obstacle, we tried to remove the DNA, either enzymatically (with high concentrations of DNase I) or chemically (with hot TCA). In support of our assumption, degradation of the DNA leads to binding of the anti-H3.3p antibodies to chromatin.
Pretreatment of Drosophila melanogaster polytene chromosomes with DNase I or with TCA results in general staining of the chromosomes. Neither the heterochromatic regions (such as the chromocenter) nor the highly transcribed regions (the puffs) showed preferential staining with the anti-H3.3p antibodies (Fig. 5) . The intensity of the antibody reaction roughly followed the DNA concentration and was somewhat higher in the bands of the polytene chromosomes. The signals were not very strong, however, suggesting that the H3.3 variant represents a minor component of the poly- Fig. 4 . Positions of the histone H3.3-specific substitutions in the histone octamer. The view of the histone octamer as it appears by looking down at a plane that contains the dyad and the superhelical axes. The dyad axis runs from top to bottom. The H2A-H2B dimers are shown in blue, histone H3 in white and histone H4 in green. Residue 84 of histone H3 is shown in pink, 85 is light gray, 86 is dark gray, 87 is red, 89 is yellow and 90 is orange. The backbone of the DNA double helix, wrapped over one-half of the histone octamer (according to the nucleosome model of Arents and Moudrianakis 1993) , is shown tene chromosomes. This is consistent with the results seen on immuno blots (Fig. 3d) .
Control preincubations of the anti-H3.3p antibodies with the H3.1/2 and H3.3 peptides were performed. As in the earlier characterization on blots, preincubation with the H3.1/2 peptide had little impact on the binding of the antibodies, while preincubation with the H3.3 peptide almost totally abolished it (an example of such a preincubation experiment is presented below). When the preimmune serum was used for incubations, no signal was observed (not shown).
Germ cells of males
In earlier studies we characterized the expression of the histone H3.3 genes in Drosophila at the RNA level (Akhmanova et al. 1995) . We showed that two single-copy genes, H3.3A and H3.3B, code for this histone variant and that the histone H3.3A gene is strongly expressed in Drosophila testes (Akhmanova et al. 1995) . This suggests that histone H3.3 plays an important role in the germ line chromatin of males and substitutes for ± partially or entirely ± the cell cycle-regulated histone H3.
The process of spermatogenesis has been described in detail both in D. melanogaster (for review: see Lindsley and Tokuyasu 1980) and in D. hydei (Hennig and Kremer 1990) . In addition, the distribution of DNA at different stages of germ cell development in males was analyzed in D. hydei (Kremer et al. 1986 ) and will be used here as a reference.
Premeiotic stages. Spermatogenesis starts with the division of the stem cells, giving rise to primary spermatogonia, which then undergo several mitotic divisions. Spermatogonia are small, round cells, which fill the apex of the Drosophila testis. After anti-H3.3p antibody immunoreactions on squashes of TCA-or DNase I-treated testes, we could not detect signals in such nuclei (Fig. 6a) . In contrast, the antisera against total histone H3 (Fig. 6b) , as well as antisera against other core histones (not shown), reacted strongly with spermatogonial nuclei. The distribution of the label was similar to that observed earlier for DNA (Fig. 1 in Kremer et al. 1986 ).
Meiotic prophase. After the germ cells of males enter meiotic prophase at the primary spermatocyte stage, they start to enlarge and become highly transcriptionally active. One of the manifestations of this transcriptional activity is the unfolding of the Y-chromosomal lampbrush loops, which fill most of the nuclear volume in the primary spermatocyte (for review see Hennig 1987) . The autosomes and the X chromosome are usually localized at the nuclear periphery (Fig. 2 in Kremer et al. 1986 ).
Without DNA-degrading pretreatment, no significant reactions are seen in meiotic prophase chromatin. However, staining of TCA-treated primary spermatocytes gives strong antibody reactions as shown for D. melanogaster spermatocytes labeled with the anti-H3.3p antibod- (Fig. 6c) . One or two strongly fluorescent foci were observed in each nucleus. This immunofluorescence pattern is clearly distinct from that obtained with similarly treated spermatocytes after staining with sera against total histone H3 or other core histones (Fig. 6e) . In TCA-treated cells the anti-H3 serum (as well as the sera against H2A, H2B and H4, not shown) labels mainly the autosomal chromatin. The distribution of the label corresponds to the DNA distribution, as is evident from a comparison with the 4,6-diamidino-2-phenylindole (DAPI) staining patterns (cf. Fig. 2 in Kremer et al. 1986 ). Comparison of the anti-H3 and anti-H3.3p patterns indicates that in autosomal chromatin the concentration of histone H3.3 is low. Here, the cell cycle-regulated subtype of histone H3 is predominant.
The highly decondensed Y-chromosomal chromatin displayed no reaction in the TCA-treated preparations. As extensive hydrolysis with hot TCA may result in the complete loss of such highly decondensed chromatin, we applied a milder treatment and used DNase I instead. Under such conditions, strong signals in the nuclei of the spermatocytes were obtained (Fig. 7a, b) . The distribution of label coincided with the localization of some of the Ychromosomal lampbrush loops. Similar signals were obtained with the total H3 serum (not shown). Due to their large size, characteristic position and morphology, the assignment of fluorescence signals to particular Y-chromosomal lampbrush loops is considerably easier in D. hydei than in D. melanogaster. Strong reactions were obtained with the lampbrush loop pairs pseudonucleolus (Ps) and clubs (Cl) (Fig. 7d, e) . These reactions can be completely inhibited by preincubation with the H3.3 peptide (Fig. 7 g ), but not by preincubation with the H3.1/2 peptide (Fig. 7f) . Similar labeling patterns were obtained when D. hydei spermatocytes were stained with antisera against other core histones, for example histones H2B and H4 (Fig. 8a, b) .
Unexpectedly, the nucleolus remained unlabeled, irrespective of the fixation protocol and of the antisera used. It has been demonstrated that ribosomal DNA is highly transcribed in primary spermatocytes (Meyer and Hennig 1974) and this might result in complete loss of nucleosomal organization of chromatin. This may be the reason for the lack of reactivity of the nucleolus toward anti-histone antisera.
Postmeiotic stages. Due to their highly condensed nature and small size, meiotic metaphase chromosomes are not well suited for immunofluorescence studies of the distribution of histone variants since their dimensions will hin- der the resolution of fine spatial information. In postmeiotic germ cells of males reaction with anti-H3.3p antibodies was obtained only after TCA treatment. This correlates with the absence of transcription and the high degree of compaction of the chromatin in Drosophila spermatogenic cells after meiosis. The histone distribution patterns obtained in D. melanogaster and D. hydei were very similar. Early spermatid nuclei can most easily be observed in D. hydei because of their larger size, which allows the recognition of morphological details (Fig. 9) . In early spermatids, a large round structure, called the protein body, is present in the middle of the nucleus (Kremer et al. 1986 ). The anti-H3.3p antibodies gave strong labeling of this structure (marked Pb in Fig. 9 ). In addition, labeling of the chromatin was observed (Fig. 9a) . When the spermatids were stained with antibodies against total histone H3, the major signal was observed in the chromatin, while the protein body showed only very weak fluorescence (Fig. 9c) . This indicates that most histone H3 within the chromatin of this stage is of the cell cycle-regulated type while the protein body contains mainly histone H3.3.
During spermatid elongation, some of the histone H3.3 protein is deposited in chromatin. In addition to the protein body, the chromatin along the nuclear membrane of the elongating nucleus, which is characterized by the absence of nuclear pores (see Grond 1984) , is strongly stained (marked with M in Fig. 9e) . Hence, histone H3.3 is not evenly distributed within the spermatid chromatin as becomes evident from the staining patterns with anti-H3.3p and anti-H3 antisera. The latter give patterns very similar to those of DNA after DAPI staining (Fig. 7 in Kremer et al. 1986 ). The label is evenly distributed throughout the elongating nucleus (Fig. 9g, h ).
During the subsequent elongation stages no major differences were observed between staining with anti-H3.3p and anti-H3 antibodies although the H3.3-specific signal appeared to be more dispersed than that obtained with the antiserum against total histone H3 (compare Fig. 10a  and 10b ). We cannot, however, exclude the possibility that this is due to the lower intensity of the histone H3.3-specific signal, which might allow differences to be recognized in the distribution of the chromatin that are not seen with the strongly reacting histone H3 antiserum.
Staining of the postelongation spermatid cysts with both anti-H3 and anti-H3.3p antibodies showed that a transition occurs from an almost even distribution of the histones to a rather dispersed pattern ( Fig. 10c and  10d) . In some cysts the fluorescence remains restricted to small patches in the anterior part of the spermatid nuclei. This most likely reflects the substitution of the histones by other basic proteins as has been inferred from histochemical studies (Das et al. 1964; Hauschteck-Jungen and Hartl, 1982) . Such a substitution occurs in postelongation spermatids and is initiated at the posterior end of the nucleus (Hauschteck-Jungen and Hartl 1982). Preelongation spermatids after incubation with anti-H3.3p antibodies. a Immunofluorescence. b Phase contrast. The protein body shows a strong reaction. Some labeling in the chromatin on one side of the protein body is also observed. c, d Preelongation spermatids after incubation with anti-H3 serum. c Immunofluorescence. d Phase contrast. The chromatin, but not the protein body displays reactivity with the serum. e, f Elongating spermatids after incubation with anti-H3.3p antibodies. e Immunofluorescence. f Phase contrast. The reaction is observed in the protein body and in the chromatin, lying directly under the nuclear membrane. g, h Immunofluorescence of elongating spermatids after incubation with anti-H3 serum. The labeling is distributed throughout the nucleus. The protein body shows almost no label. Pb protein body, N nucleus, M nuclear membrane, Nk nebenkern. Bar represents 10 mm In TCA-treated preparations of mature sperm, prepared from the seminal vesicle, no staining was observed with antibodies against any of the core histones (H3, H3.3, H2A, H2B and H4, not shown). Thus, the histones are either completely replaced by arginine-rich proteins or they are entirely inaccessible to antibodies at late stages of spermatogenesis.
Discussion

Specificity of the anti-H3.3p antibodies
We have developed a histone H3.3-specific antiserum by immunization of rabbits with a synthetic peptide covering the unique and characteristic region of this protein (see Fig. 1 ). When tested with histone peptides, the anti-H3.3p antibodies reacted equally well with peptides derived from the cell cycle-regulated histone H3 as well as from histone H3.3. After preincubation with the H3.1/2 peptide the H3.3p antiserum became highly specific for the H3.3 peptide (Fig. 2) . This specificity for histone H3.3 was confirmed by immuno blotting (Fig. 3) .
It is noteworthy that the antibodies, if tested with the region-specific peptides, bind equally well to both H3.1/2 and H3.3 peptides but on immuno blots react almost exclusively with histone H3.3 even though histone H3.1 is much more abundant among calf thymus histones. The reason for such a difference in reactivity between the peptides and the whole histone H3 protein is unclear. Most likely, the conformation of the H3.1/2 peptide is different from the conformation of the corresponding region within the H3.1/2 histone protein. This might also be the reason for our failure to produce a histone H3.1/2-specific antiserum.
SLE-derived antibodies with specificity to histone H3.3
A second, natural source of histone H3.3 antibodies was discovered in MAbs derived from mice with the autoimmune disease SLE. SLE in general is characterized by the presence of a wide variety of autoantibodies (for reviews, see Monestier and Kotzin 1992; Kramers et al. 1993; Tax et al. 1995) . Among a number of different targets, antibodies against nuclear antigens like DNA, histones or nu- cleosomes are often found. It has been shown that such antibodies can form complexes with DNA and histones or nucleosomes. Such complexes interact with heparin sulfate in the glomerular basement membrane (see Kramers et al. 1994 and references therein) and this deposition of immunoglobulin complexes leads to nephritis, one of the most serious manifestations of SLE. In particular nucleosomes seem to be the antigens driving the autoimmune response in SLE.
We have analyzed the ability of three MAbs, derived from lupus-prone mice, to distinguish their reactivity with the different histone H3 subtypes. On immuno blots two of these MAbs, 56 and KM2, showed strong affinity to histone H3.3, but not to histone H3.1. In ELISA experiments, MAb 56 displayed strong reactivity with doublestranded DNA, with the histone H3 peptide 83±100 (mostly with its dimer) and with mononucleosomes (Kramers 1995; Stemmer et al. 1996) . On immuno blots MAb 56 reacts almost exclusively with histone H3.3. MAb KM2 reacts strongly with histone H3.3 on immuno blots, but it also recognizes histones H2A and H4. This is in agreement with earlier data from ELISA, showing that KM2 reacts with the N-terminal domains of histones H2A and H4 (van Bruggen et al. 1997) .
The existence in SLE mice of autoantibodies with an affinity for the histone H3.3 agrees with the observation that many mouse tissues contain large amounts of histone H3.3 (Zweidler 1984) . This histone variant gradually accumulates in nondividing tissues. With increasing age it can even become the prevalent histone H3 subtype in some tissues, for example, in liver or in cortical neurons (Zweidler 1984; Pina and Suau 1987) . Its low abundance in young individuals at the time when tolerance against autoantigens is established might contribute to its capacity to serve as an autoantigen in adults. The accumulation of histone H3.3 in nondividing tissues of mice is paralleled by our observations (see Akhmanova et al. 1995 ) that histone H3.3 is the predominant histone H3 subtype expressed in somatic tissues of Drosophila adults.
Accessibility of the H3.3-specific epitope in chromatin
Our experiments have demonstrated that the H3.3-specific epitope, in agreement with models of nucleosome structure, is inaccessible to antibodies in the presence of DNA. The necessity of removing the DNA prior to antibody binding creates obvious problems for experimental studies. Hot TCA treatment for removing DNA is probably too harsh for decondensed chromatin, which is very likely completely destroyed by it and therefore becomes lost. This is demonstrated by our failure to obtain histone-antisera reactions in the decondensed chromatin of primary spermatocytes after TCA treatment. However, TCA treatment is essential for obtaining reproducible reactions of anti-H3.3p antibodies and some other antibodies directed against the core histones with compacted chromatin. For example, no nuclear labeling of postmeiotic germ cells of males was obtained with the histone H4 serum used in this study unless the tissues were treated with TCA. After TCA treatment this anti-H4 antiserum gave a pattern identical to that obtained with the anti-H3 antiserum on untreated testis squashes (not shown). Apparently, when antisera are raised against purified core histones, many epitopes recognized by these antisera are concealed by the nucleosomal DNA.
Our observations have also shown that DNase treatment may not be sufficiently efficient in removing DNA from the nucleosomes to make all epitopes accessible to antibodies. These observations on the differential accessibility of histones can also explain some earlier failures in immunological detection of histones in the autosomes in Drosophila primary spermatocytes (RunggerBrändle et al. 1981 ).
Histone H3.3 distribution in polytene chromosomes
Our immunological data indicate that histone H3.3 is only a minor component of polytene chromosomes with a rather uniform distribution. These findings are in contrast to the observed distribution of another histone replacement variant, H2AvD, a Drosophila homolog of histone H2A.F/Z. This histone H2A subtype appears to be restricted to particular genomic loci (van Daal and Elgin 1992) . Earlier studies with antibodies against histone H2A.2 (D2), which probably corresponds to histone H2AvD, indicated its preferential presence in interbands, which the authors considered to be transcriptionally active (Donahue et al. 1986 ). The interpretation of the reported differential distribution of the histone H2A subtype is, however, open to question as the earlier experiments with anti-H2A antibodies were performed in the presence of chromosomal DNA. This might have influenced the accessibility of these proteins in certain chromosomal domains as our present study documents.
Histone H3.3 in germ line chromatin of Drosophila males
Our previous studies have shown that one of the two Drosophila genes encoding histone H3.3 (H3.3A) is strongly expressed in the testes (Akhmanova et al. 1995) . Transcript in situ hybridization with H3.3A-specific probes has shown that this gene is transcribed in spermatogonia and in primary spermatocytes (Akhmanova, unpublished) . To analyze the distribution of the histone H3.3 protein within germ cell chromatin of males, we compared the reactions obtained with anti-H3.3p serum with those obtained with an anti-histone H3 serum raised against total histone H3 protein. This should react with all histone H3 subtypes. We could not detect histone H3.3 in spermatogonia although the histone H3.3 gene is transcribed in these cells. Spermatogonia undergo mitotic divisions within short intervals and consequently strongly express the cell cycle-regulated H3. Therefore, histone H3.3 probably represents only a minor part of the total histone H3 in these cells and the sensitivity of our experiments may have been insufficient to detect it. Alternatively, histone H3.3 mRNA may not be translated during these stages.
Comparison of the reactions of TCA-treated spermatocytes and young spermatids with the anti-H3 and anti-H3.3p sera indicates that the distribution of histone H3.3 is not uniform in the chromatin of these cells. Only parts of the chromatin, which react with the anti-H3 serum, also react with the H3.3-specific antibodies. This is particularly apparent in primary spermatocytes, where most of the chromatin does not react with the anti-H3.3p antibodies.
The strong transcription of the histone H3.3A gene in primary spermatocytes fosters the attractive hypothesis that histone H3.3 is incorporated in the transcriptionally active chromatin of these cells, substituting for the cell cycle-regulated H3. Transcriptional activity in Drosophila spermatocytes is very high, since it provides the mRNAs for all postmeiotic steps of spermatogenesis. This intensive transcription might require or result in the presence of histone replacement variants. Histone replacement might also be required for transcriptional activation of normally heterochromatic genes as it occurs in the germ line (see Hennig 1986 ). For example, histone H3.3 is preferentially found in active or competent chromatin fragments of immature chicken erythrocytes (Hendzel and Davie 1990) . The plant analog of the animal histone H3.3, the H3.2 or H3.III variant, also shows preferential accumulation in active chromatin (Waterborg 1991 (Waterborg , 1993 .
To see whether the correlation between transcriptional activity and the presence of the H3.3 variant holds true in Drosophila spermatocytes, we tried to remove the DNA enzymatically. Treatment with DNase I is milder than treatment with hot TCA, which destroys most of the intranuclear structures and, in particular, active chromatin. After DNase treatment, spermatocyte nuclei of both D. melanogaster and D. hydei displayed strong anti-H3.3p antibody binding. A considerable part of the label was associated with particular Y-chromosomal lampbrush loops (pseudonucleolus and clubs in D. hydei). The significance of this reaction is supported by the fact that the same lampbrush loops are also stained with antibodies against histones H2B and H4 (Fig. 8 ) and histone H1 (Fig. 10d in Kremer et al. 1986) . Labeling of the Y-chromosomal lampbrush loops with antibodies against core histones was observed earlier (Rungger-Brändle et al. 1981) .
If one accepts that histone replacement variants become important components of chromatin in cells without replication or highly active cells with long G 2 -phases, then the presence of histone H3.3 in primary spermatocytes fits such a model perfectly. Our finding that it is specifically the histone H3.3A gene that is highly expressed in testes may provide an opportunity to study the effect of mutations of this gene on the chromatin structure in germ cells without the potentially lethal effects of such mutations observed for other histone variants (van Daal and Elgin 1992) .
The interpretation of labeling patterns, as observed for these histone antibodies, nevertheless requires some caution. The main components of the lampbrush loops are not nucleosome-rich chromatin fibrils but extremely long transcripts and proteins (for reviews, see Hennig 1987; Hennig et al. 1989) . Therefore it can be questioned whether the loop chromatin is the source of the strong reactions. It will be necessary to reinvestigate the presence of nucleosomes in the lampbrush loops with highly sensitive methods, as they are presently available. On the other hand, one cannot exclude the possibility that the histones are at least partially bound to transcripts. Finally, it should be noted that, in immunological studies, a variety of proteins have been reported to be present in the Ychromosomal lampbrush loops (Hulsebos et al. 1984) , including not only RNA-binding proteins (Glätzer 1984; Heatwole and Haynes 1996) , but also laminin B2 (Wang et al. 1992 ) and tektin (Pisano et al. 1993) , i.e., proteins that are not even expected to enter the nucleus. The possible artifactual nature of immunoreactions with such antibodies might be based on the presence of immunologically related epitopes in different proteins. Nevertheless, it remains intriguing that the same pattern of immunological reactivity is found for all histone antibodies. Perhaps some of these histones are not nucleosomal components but are found within some nuclear global compartments.
Postmeiotically, a strong reaction with anti-H3.3p antibodies was observed in the protein bodies of the nuclei of early spermatids. A similar correlation between the presence in the lampbrush loops before meiosis and in the nuclear protein bodies in postmeiotic cells has been observed for histone H1 (Kremer et al. 1986 ) and some RNA-associated proteins (Glätzer 1984) . A presence in the protein bodies has also recently been established for a novel zinc finger protein (Sun et al. in preparation) . The function of these structures is unknown. They undergo a characteristic sequence of changes in structure and size that occur in parallel with changes in the degree of chromatin condensation (Lindsley and Tokuyasu 1980; Grond 1984; Hennig and Kremer 1990) . They contain basic proteins and are devoid of DNA and RNA (Grond 1984; Kremer et al. 1986 ). It is possible that the protein bodies serve as a reservoir or a sink for chromosomal proteins in relation to chromatin rearrangements.
Histone substitution during sperm maturation in Drosophila
Ways of packaging the genome in sperm cells are highly variable between different organisms (for review, see Poccia 1986 ). While in some species somatic histones are only partially substituted (for example in Xenopus; see Dimitrov et al. 1994 , and references therein), in many other species they are replaced by small, very basic proteins, called protamines (for review, see Hecht 1989) . Nothing is known about the molecular composition of chromatin in spermatozoa of Drosophila. Histochemical observations have suggested the appearance of argininerich proteins in late spermatid nuclei (Das et al. 1964; Hauschteck-Jungen and Hartl 1982) . Our data, demonstrating that histones are removed in late spermatids, are complementary to these observations. No core histones could be detected in mature sperm heads, even after prolonged treatment with hot TCA. This probably indicates their absence in mature sperm, although epitope masking cannot be completely excluded. From our observations it appears likely that in germ cells of Drosophila males the cell cycle-regulated histones are substituted in a stepwise manner by replacement variant histones and finally by other basic proteins not yet identified. Such a pattern of histone substitutions would be compatible with that found in other organisms (see Hecht 1989) .
